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The velocity structure and accurate aftershock distributions of the Noto Hanto Earthquake in 2007 (thrust type)
are elucidated by inverting the arrival times from 917 aftershocks using double-difference tomography. P-wave
velocity (Vp) of the hanging wall in the southeast appears to be higher than that of the footwall in the northwest,
and the high-Vp body of the hanging wall has a relatively high Vp/Vs ratio. Conversely, the low-Vp body in
the footwall appears to have a low Vp/Vs ratio at depths greater than 3 km. Aftershocks associated with the
mainshock fault are roughly distributed along this velocity boundary between the hanging wall and footwall.
Near-surface thin layers with signiﬁcantly low Vp and high Vp/Vs are imaged in a northwest direction from the
mainshock epicenter. A likely explanation is that the mainshock fault plane was reactivated as a reverse fault in
terms of the inversion tectonics due to the crustal shortening which initiated from the late Miocene. Both the
mainshock hypocenter and the vertical alignment of aftershocks beneath it are located in the low-Vp and low-
Vp/Vs zones, indicating the potential presence of water-ﬁlled pores. Crustal stretching and shortening in and
around the Noto Peninsula have created complex structures, including weak high-dip angle faults, almost vertical
faults, and low velocity zones, which can potentially affect the seismic activities around the source region.
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1. Introduction
A shallow Mw = 6.7 inland earthquake occurred on the
west coast of the Noto Peninsula in Japan on March 25,
2007, inﬂicting serious damage in the surrounding areas.
Aftershocks were distributed at the boundary between the
area inland and the ocean to the west of the Peninsula. A
tsunami with a small amplitude (approximately 20 cm) was
observed at several cities along the coast of the Japan Sea.
The focal mechanism estimated by moment tensor inver-
sion (the National Research Institute for Earth Science and
Disaster Prevention (NIED)) was found to have a domi-
nant reverse slip component with a strike of approximately
N55E (Fig. 1). The dip angle of the mainshock fault is
approximately 60◦. This high-dip angle for a thrust-type
event is unfavorably oriented in the direction of the re-
gional maximum stress, which is almost horizontal to the
west-northwest (WNW)-east-southeast (ESE) strike (Tow-
nend and Zoback, 2006). Two of the largest aftershocks
occurred on the northeastern and southwestern edges of the
mainshock fault.
The Noto Peninsula is situated close to the Yamato Basin
in the Japan Sea, which is a large rift basin formed during
the extension stage of the Japan Sea (e.g., Otofuji et al.,
1985; Shimazu et al., 1990). Based on geological studies of
early Miocene syn-rifting succession in the northern regions
of the Noto Peninsula (e.g., Kano et al., 2002), it has been
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proposed that small-scale rift structures were formed along
the northern coast of the Noto Peninsula during the exten-
sion stage of the Japan Sea. The normal fault system in
the rift structures has subsequently reactivated as a reverse
fault system owing to the development of a compressional
stress ﬁeld (Okamura et al., 1995). While the direction of
the maximum compressional stress was north-south during
the late Miocene, it has changed to east-west (EW) since
late Pliocene (e.g., Okamura, 2007), and numerous faults
with north-south (NS) or EW trends have developed in the
source region. Since the complex structures associated with
crustal stretching and uplifting during the opening of the
Japan Sea have the potential to nucleate the mainshock and
trigger a sequence of aftershocks (e.g., Hirata et al., 2005;
Kato et al., 2006), it is important to image the complex seis-
mogenic structures surrounding the source region and clar-
ify their relationship to the rupture process (e.g., Chiarabba
and Amato, 2003).
While online seismic networks have been operated on the
Noto Peninsula by the NIED, Japan Meteorological Agency
(JMA), universities, and the Japanese University Group
of the Joint Seismic Observations at NKTZ (Niigata-Kobe
Tectonic Zone) (2005), the average spacing of these stations
is not sufﬁcient for resolving the detailed velocity structure
in the source region with high accuracy. Therefore, in or-
der to be able to accurately assess the velocity structure in
and around the source region in the study reported here, we
employ the distinctive aftershock data observed by a dense
network of temporary seismic stations that were deployed
by the group responsible for the aftershock observations im-
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Fig. 1. Map of the relocated aftershock hypocenters determined by dou-
ble-difference tomography, shown as circles scaled to earthquake mag-
nitude and colored to depth. The red star denotes the epicenter of main-
shock, the blue and yellow stars are epicenters of largest aftershocks on
land and beneath the ocean. The inset indicates the location of the area
studied in investigation with moment tensor for the mainshock deter-
mined by NIED. Filled triangles and squares denote temporary seismic
stations, and online stations, respectively. Open squares are temporary
online stations operated by the Japanese University Group of the Joint
Seismic Observations at NKTZ (2005). The grid used in the tomogra-
phy is shown by red crosses. Active- (F14–F16) and geological-faults
(Fa , Fb) associated with the present earthquake are drawn as thick solid
lines, and the other major active faults are drawn as thin solid lines.
mediately after the Noto Hanto Earthquake in 2007 (Sakai
et al., 2008). A total of 61 temporary seismic stations in the
source region were employed in this study (average station
spacing is 2 km). Here, we report on our study of the seis-
mic tomography in and around the source region using this
data set and discuss the relationship between heterogeneous
velocity structures and the earthquake generation process.
2. Velocity Structure on the Mainshock Fault
2.1 Data and method
The seismic network in the present study consisted of
61 three-component temporary stations, 13 permanent on-
line stations (NIED, JMA, Kyoto University, University of
Tokyo), and ﬁve temporary online stations operated by the
Japanese University Group of the Joint Seismic Observa-
tions at NKTZ (2005). Those stations are located within
a radius of 70 km from the center of the source region
(Fig. 1). Seismograms were continuously recorded at a
sampling rate of 100 Hz or 200 Hz. Both P- and S-
wave arrival times observed at the temporary and online
stations were picked manually. The double-difference to-
mography method (Zhang and Thurber, 2003) was then ap-
plied to arrival time data, which consisted of both abso-
lute and differential arrival times. The differential arrival
times were derived from both manually picked data and the
Table 1. List of the initial velocity model for the tomography.







waveform cross-correlation method. This method simulta-
neously solves for the three-dimensional velocity structure
of both P- and S-wave velocities (Vp, Vs) and seismic event
locations.
In this study, we used 971 well-determined aftershocks
estimated from sufﬁcient arrival time data; the number of
P- and S-wave arrival times for each event exceeded 15
and 10, respectively. The aftershocks are listed in the JMA
catalog for the period between March 25 and April 18.
The initial 971 hypocenter locations used for tomography
analysis were determined by applying a maximum likeli-
hood estimation algorithm (Hirata and Matsu’ura, 1987) to
the observed arrival times, for a one-dimensional (1-D) ve-
locity structure, as presented by Mikumo et al. (1988) (Ta-
ble 1). The initial velocity structure used for tomographic
analysis is the same as that employed for the hypocen-
ter determinations; the Vp/Vs value is set to 1.73 for all
grid nodes. The absolute arrival times for the P- and S-
wave used in the tomography are 44,278 and 36,758, re-
spectively, with the differential arrival times for the manu-
ally picked P- and S-waves reaching 232,063 and 172,401,
respectively. We also used the differential arrival times
obtained by the waveform cross-correlation method in the
time-domain (Schaff et al., 2004; Kato et al., 2006). The
correlation measurements were conducted by aligning the
nearest sample using 1.0-s window lengths beginning 0.4 s
before the manually picked arrival time and then comput-
ing the double difference time to subsample precision using
time-domain cross-correlation. We were left with a data set
consisting of more accurate differential arrival times that
contained 22,897 P-wave and 25,122 S-wave observations,
respectively. These have a normalized cross-correlation co-
efﬁcient exceeding 0.85.
The grid nodes are located at −300, −29, −9, −6, −3,
−0, 3, 6, 9, 12, 15, 35, and 300 km on the X -axis (N145E;
perpendicular to the fault strike); −300, −30, −10, −6, −3,
−0, 3, 6, 9, 12, 16, 36, and 300 km on the Y -axis (N55E);
−150, 0, 3, 6, 9, 12, 15, 20, and 300 km on the Z -axis
(depth) (Fig. 1). The weighted root mean square (RMS)
travel time residual was reduced from 0.154 s to 0.033 s
after 16 iterations.
2.2 Results
We evaluated the model resolution using the following
synthetic test. A checkerboard velocity model on the main-
shock fault plane was created from the initial velocity struc-
ture using perturbations of ±5%. Synthetic travel times
were then calculated for this checkerboard model, with uni-
formly distributed random noises ranging from −0.025 s
to 0.025 s for the P-wave and from −0.05 s to 0.05 s for
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the S-wave. The synthetic data were subsequently inverted
using the initial velocity structure as a starting model. We
deﬁned a good recovery grid as a grid for which the re-
covery of the initial anomaly was greater than 20% for Vp
or Vs of the assumed model velocity. Although P-wave
or S-wave velocity anomalies were well recovered at land
cross-sections (Y > 0 km), model resolutions beneath the
ocean were relatively low due to the absence of any seismic
stations in the ocean. Consequently, the interpretations pre-
sented in this paper will focus mainly on the velocity struc-
tures at land cross-sections from Y = −3 km to +16 km.
In future studies, model resolutions beneath the ocean will
be improved through an integration of data retrieved from
ocean bottom seismometers deployed off the west coast of
the Noto Peninsula (Yamada et al., 2007).
Figure 2 shows the P-wave velocity (Vp) and the ratio
of Vp to Vs along seven cross-sections perpendicular to
the fault strike along relocated aftershocks within ±1.5 km
from the section. Based on the aftershock distributions,
it has been estimated that the mainshock occurred on the
approximately 55◦ southeastward-dipping plane. Surface
extension of the mainshock fault roughly corresponds to
the surface traces of several active faults beneath the ocean
(F14–F16) and a geological fault (deﬁned as a fault for
which activity history has not been recognized since the
Quaternary period), Fa (Katagawa et al., 2005; GSJ, 2005).
Note that P-wave velocities of the hanging wall in the
SE appear to be higher than those of the footwall in the
NW. Figure 2 shows that the high-Vp body of the hanging
wall has a slightly high Vp/Vs ratio (1.75∼1.8), while the
low-Vp body in the footwall appears to have a low Vp/Vs
ratio (1.6∼1.7) at depths greater than 3 km in the cross-
sections shown in Figs. 2(j) and 2(k). While the contrast
in velocity between the hanging wall and footwall are not
distinct in several cross-sections, this is probably due to the
effect of spatial smoothing adopted in the inversion. Note
that the aftershocks associated with the mainshock fault are
distributed approximately along this southeastward-dipping
velocity boundary. Furthermore, near-surface thin layers
with signiﬁcantly low Vp (less than 5.0 km/s) and high
Vp/Vs (>1.9) were imaged northwestward of the main-
shock epicenter (X < ∼0 km).
It is interesting that the dip angle of the aftershock align-
ment changes markedly from 55◦ to nearly 90◦ beneath the
mainshock hypocenter in the cross-section of Y = 0 km
(Fig. 2). The epicenter distributions of these aftershocks be-
neath the mainshock hypocenter were linearly concentrated
along the fault strike of N55E (Fig. 1), and the size of the
vertical aftershock alignment was approximately 3 km ×
3 km. Interestingly, P-wave velocities beneath the main-
shock hypocenter and near the vertical aftershock alignment
were lower than those in the surroundings.
Portions of the high-Vp body in the hanging wall were
observed to extend upward to the surface where X is ap-
proximately +3 km in the cross-sections of Y = +3 and
+6 km. The top surface of the high-Vp body in the hanging
wall gradually deepens toward the NW at 0 < X < 3 km
in these sections. Thus, another velocity boundary, dipping
northwestward, is situated at shallow depths of the high-Vp
body. Note that northwestward-dipping alignment of after-
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Fig. 2. Depth sections through the Vp ((a)–(g)) and Vp/Vs ratio model
((h)–(n)) with superimposed relocated aftershocks distributed within
±1.5 km of each line. Depth sections are ordered from NE to SW.
The white-masked areas correspond to the low-resolution model. The
contour line interval is 0.3 km/s. Yellow dashed ellipses (E1, E2) are
explained in text. Moment tensor solutions for the mainshock and
the largest aftershock (NIED) are shown using a lower hemisphere
projection. Arrows at the top of each section denote the approximate
surface locations of faults.
shocks with an angle of 50◦ (E1 in Fig. 2) is approximately
distributed on the shallow velocity boundary. The surface
extension of this northwestward-dipping velocity boundary
almost coincides with a geological fault Fb.
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Fig. 3. Map view of Vp structure at a depth of 3 km with superimposed
relocated aftershocks distributed at depths from 1.5 km to 4.5 km. The
faults (F14–F16, Fa , Fb) associated with the present earthquake are
drawn as thick lines. Red and blue stars denote the epicenters of the
mainshock and the largest aftershock.
Figure 3 shows a map of the Vp structure at a depth of
3 km. It can be observed that the distribution of the high-Vp
body in the hanging wall is conﬁned to a zone that is parallel
to the NE-SW direction at the depth of 3 km. Furthermore,
surface traces of geological faults (Fa , Fb) are situated in
close proximity to velocity boundaries at the depth of 3 km.
In short, Vp at the NW side of Fa is less than that at the
SE side of Fb, with the Vp between Fa and Fb showing an
intermediate value.
On the cross-section of Y = +9 km, northwestward-
dipping alignments of aftershocks are also observed at
depths near 8 km (E2 in Fig. 2). They appear to be dis-
tributed along a minor velocity boundary in the footwall.
3. Discussion
Figure 2 shows that the aftershock alignments associated
with the mainshock extend to the surface traces of several
active faults beneath the ocean (F14–F16) and the geolog-
ical fault (Fa). The results of previous shallow seismic re-
ﬂection experiments indicate that the active faults beneath
the ocean dip southeastward (Katagawa et al., 2005; GSJ,
2005). In addition, a magnetic survey on land has shown
that the geological fault (Fa) may correspond to a material
boundary dipping southeastward (Ogawa et al., personal
communication). Based on these observations, we propose
that the rupture of the Noto Hanto Earthquake was likely to
have propagated along these preexisting faults.
The seismic images obtained in this study illustrate that
the contrast in velocity between the hanging wall and the
footwall extends to a depth of approximately 10 km, as
summarized in Fig. 4. The high-Vp body with a slightly
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Fig. 4. Schematic image of the major heterogeneous structure in the
NE areas of the mainshock hypocenter with the relocated aftershocks
(gray circles scaled to earthquake magnitude) along the cross-sections
of Y = 0, 3, 6, and 9 km. The solid line denotes the fault planes
estimated from the aftershock distributions for the mainshock. Broken
lines indicate the estimated faults. The moment tensor solution for the
mainshock (NIED) is shown by lower backward projection.
sidered to be solidiﬁed molten rock (dike swarm) and old
granitic and metamorphic rocks (∼200 Ma), which are ex-
posed at the top of the hanging wall (GSJ, 2005). Since
these granitic and metamorphic rocks are older than the
extension of the Japan Sea, it is probable that they were
formed before the extension. We propose that molten rock
intruded into the southeastern region of the hanging wall
during the extension stage (Shimazu et al., 1990). Since ge-
ological fault Fb coincides with the shallow velocity bound-
ary dipping northwestward (Y = +3 km; Fig. 2), it appears
that the northern margin of the high-Vp body in the hanging
wall is roughly conﬁned by this fault.
The low-Vp body in the footwall has high Vp/Vs values
(>1.9) at shallow depths and low Vp/Vs values (1.6∼1.7) at
depths greater than 3 km. The shallow high-Vp/Vs bodies
with signiﬁcantly low Vp (less than 5.0 km/s) correspond to
the sediments that have piled over the half grabens formed
by crustal stretching at the time of expansion of the Japan
Sea (Fig. 4). Since the thickness of the sediments is less
than approximately 3 km, the extent of the crustal stretch-
ing is considered to be less signiﬁcant compared with the
Niigata region (e.g., Japan National Oil Corp., 1991; Kato
et al., 2006). This result is consistent with the geological
observation that the extent of rifting in the Noto Peninsula
is small (Okamura, 2007). Conversely, it is possible that
deep low-Vp/Vs bodies in the footwall correspond to old
quartz-rich granitic and metamorphic rocks, as laboratory
experiments have demonstrated that quartz has a low Vp/Vs
value (e.g., Carmichael, 1982). However, this interpretation
of the crustal composition of the footwall is not unique, and
extensive additional research is necessary.
Geological studies show that the crustal shortening that
began in the late Miocene (e.g., Itoh and Nagasaki, 1996)
has continued to the present and has led to the reactivation
of a fault that formed as a normal fault under an extensional
stress ﬁeld (e.g., Okamura et al., 1995). Therefore, a likely
explanation for the Noto Hanto earthquake involves reac-
tivation of a normal fault as a reverse fault in terms of in-








































































Fig. 5. Results of a sensitivity test (spike test) with a low-velocity body
near and beneath the mainshock hypocenter along the cross-section of
Y = 0 km. (a) The input anomaly, (b) The test result of Vp , (c) The test
result of Vs . A blue star denotes the mainshock hypocenter.
version tectonics (Nakamura, 1992). Tomographic images
associated with the inverted normal fault have also been
found in the source region of the 2004 mid-Niigata Prefec-
ture Earthquake in the similar tectonic zone along the Japan
Sea coast (e.g., Kato et al., 2006).
The velocity contrast between the hanging wall and the
footwall extends from the SW to the NE in the source re-
gion. Although previous studies did not ﬁnd any active
faults inland in this region, the results of our study suggest
that a major structural boundary with a NE-SW direction
is situated at depths exceeding 3 km in the source region
(Fig. 3). It is worth noting that trends in the velocity bound-
ary are roughly parallel to the spreading axes of the Japan
Sea.
As shown in Fig. 2, both the mainshock hypocenter and
the vertical alignment of aftershocks beneath it are located
in the low-Vp zones where the low Vp/Vs values were im-
aged. In order to assess the reliability of the model res-
olutions for these anomalies, we also conducted a spike
test. Velocity anomalies of −5% were assigned to a grid
node near and beneath the mainshock hypocenter (Fig. 5(a),
X = 3 km, Z = 9 and 12 km along the cross-section of
Y = 0 km). The calculation of the synthetic travel-time
and the inversion method were the same as those employed
for the checkerboard model resolution test. The results
shown in Figs. 5(b) and (c) indicate that the assumed veloc-
ity anomalies for Vp and Vs near the mainshock hypocen-
ter were well recovered, although the recovery of Vs was
weaker than that of Vp. Based on these results, we consider
that the presence of low-velocity anomalies near the main-
shock hypocenter is reliable.
According to Takei (2002), the relatively low Vp/Vs and
low Vp can be explained by the presence of water-ﬁlled
pores with high aspect ratios. Furthermore, the detection
of a conductive layer beneath the mainshock hypocenter by
a magnetotelluric survey (MT) conducted after the occur-
rence of the mainshock (Yoshimura et al., 2008) supports
the interpretation of the presence of water. Interestingly, a
similar low-velocity zone with high conductivity was also
observed near the hypocenter of the 2004 mid-Niigata Pre-
fecture Earthquake (Uyeshima et al., 2005; Kato et al.,
2006; Okada et al., 2006). It has been postulated that in-
creased pore ﬂuid pressure can potentially initiate a main-
shock rupture. The initiated rupture is likely to have prop-
agated through the structural boundary between the low-
and high-Vp bodies due to the relative mechanical weak-
ness within the fault zone (Fig. 4). In fact, the fault plane of
the mainshock is unfavorably oriented (Sibson, 1990) be-
cause the dip angle of the thrust fault is approximately 55◦
from the maximum compressional axis, which is approxi-
mately horizontal. Consequently, a high pore ﬂuid pressure
or low frictional coefﬁcient would be required within the
fault zone (e.g., clay minerals) to reactivate the inverted nor-
mal fault. Unfavorably oriented faults were also observed in
an aftershock sequence of the 2004 mid-Niigata Prefecture
Earthquake (Kato et al., 2006; Sibson, 2007). It should be
noted that the crustal stretching and shortening that has oc-
curred along the Japan coastline has created complex struc-
tures, including weak high-dip angle faults, almost vertical
faults, and low-velocity zones, all of which could affect the
seismic activities around both the Noto Peninsula and the
Niigata region.
Our analysis of the velocity structure (Fig. 2) revealed a
varied seismic structure along the fault strike, particularly
near the cross-section where Y = +9 km, or +12 km. Fu-
ture research will be directed at the seismic structure along
the fault strike using additional data sets to improve the
imaging. We will also investigate the relationship between
the heterogeneous velocity structure and the source process
associated with the mainshock rupture, speciﬁcally, the dis-
tributions of coseismic or postseismic slip, stress-drops, or
high-frequency energy radiation.
4. Conclusions
We have elucidated the velocity structure and accurate af-
tershock distributions of the 2007 Noto Hanto Earthquake
by inverting the arrival times from 917 aftershocks observed
by the dense seismic network deployed immediately after
the mainshock. It appears that the P-wave velocity (Vp)
of the hanging wall in the SE is higher than those in the
footwall at the NW and that the high-Vp body of the hang-
ing wall has a slightly higher Vp/Vs ratio. In contrast, the
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low-Vp body in the footwall appears to have a low Vp/Vs
ratio at depths greater than 3 km. Aftershocks associated
with the mainshock fault are distributed roughly along this
velocity boundary between the hanging wall and footwall.
Near-surface thin layers with signiﬁcantly low Vp and high
Vp/Vs are imaged northwestward from the mainshock epi-
center. This thin layer corresponds to the sediments that
have piled over the half grabens formed by crustal stretch-
ing in the opening of the Japan Sea. A likely explanation is
that the mainshock fault plane was reactivated as a reverse
fault in terms of the inversion tectonics due to the crustal
shortening which initiated in the late Miocene. Both the
mainshock hypocenter and the vertical alignment of after-
shocks beneath it are located in the low-Vp zone with high-
conductivity, which shows a potential presence of water-
ﬁlled pores.
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